Abstract Oxidation of dense hot-pressed ZrC specimens from 1073 to 1473 K was investigated using an in situ technique: HT-ESEM. Cuboid specimens were monitored on the surface and on edges and corners during oxidation in order to understand the influence of crack formation and propagation on the Maltese cross shape development of the oxide. The oxidation mechanism comprised three steps: (1) delamination of sample edges, (2) crack formation at corners and (3) crack propagation towards the inner core and formation of microcracks parallel to the interface that increase the accessible surface area followed by a drastic volume expansion. The microcrack pattern is found to be repetitive as if a cyclic debonding of the interface occurred. Characterization of the interface by TEM and HRTEM revealed 
Introduction
Zirconium carbide (ZrC) is a candidate ceramic for use in ultra-high temperature applications in hypersonic vehicles [1, 2] and in the nuclear industry as an inert matrix fuel or as a structural component in tristructural-isotropic (TRISO) [3, 4] fuel particles for Generation IV reactors. Its advantageous properties include high temperature stability in non-oxidizing atmospheres, high melting point (around 3700 K) [5] , and high thermal conductivity (20 Wm -1 K -1 at 300 K) [6] . However, zirconium carbide readily oxidizes from relatively low temperatures (as low as 653 K according to Shimada and Ishii) [7] . A comprehensive understanding of the oxidation mechanism and kinetics of ZrC is thus important for predicting its behaviour under accident scenarios in which ZrC would come in contact with air at high temperature. Data reported in previous studies consider ZrC oxidation in the form of powder [7] [8] [9] , sintered pellet [10] [11] [12] [13] and single crystal [14, 15] under many different conditions. What is understood and well reported regarding ZrC oxidation is that ZrC is susceptible to rapid oxidation at high temperatures (T Z 870 K) [16] and that the mechanism of formation of the oxide occurs with the typical ''Maltese cross'' shape [17] , previously reported for other carbides and borides of group IV, V, VI of the transitions metals [18] [19] [20] [21] . However, an overall model describing the controlling mechanism is difficult to achieve as ZrC oxidation is strongly affected by a range of parameters and previous studies show limited experimental data in overlapping parameter ranges [16] . The parameters that mainly influence the oxidation behaviour of ZrC are temperature, oxygen partial pressure, stoichiometry (ZrC 1-x ) and samples intrinsic properties derived from their preparation method (i.e. porosity, impurity nature and level [16, 22] ). An overall understanding of the ZrC oxidation mechanism is also difficult to achieve as discrepancies in activation energy values in experiments performed over the same range of temperature show that a competition between diffusion-controlled and phase boundary controlled reaction occurs [23, 24] . Kuriakose and Margrave studied the oxidation of electron beam melted ZrC at 100 kPa of O 2 . For 827-925 K their measured kinetics were found to follow linear rates throughout the temperature range studied while at higher temperatures (973-1123 K) a destructive oxidation was reported. Shimada et al. [25] . investigated the microstructure of the oxide after oxidation experiments from 773 to 873 K on ZrC single crystals. Observations of cross sections revealed two oxide regions. Zone 1 was described as a pore free and compact intermediate region enriched in carbon with crystallites of cubic zirconium oxide (c-ZrO 2 ) that grew parabolically to 2-3 lm thick. This acted as a diffusion barrier against oxidation. Zone 2 was instead described as a carbon-poor layer of cracked zirconium oxide which grew linearly above Zone 1. A mechanistic model of the oxidation of ZrC was first proposed by Rama Rao and Venugopal [23] and then by Katoh et al. [16] .
The proposed models suggest as initial stage the formation of an oxycarbide ZrO x C (1-x ) layer at the interface [7, 16, 23] . This intermediate layer however has never been experimentally observed. The present work thus aims to provide information and understanding on the oxidation mechanism of hot pressed specimens of ZrC from 1073 to 1473 K with a particular attention to the nature of the intermediate layer and to the mechanism of formation of the oxide. The peculiarity of this work is the use of state-of-the-art characterisation techniques: in situ high-temperature environmental scanning electron microscopy (HT-ESEM) for investigations on the Maltese cross formation and TEM and HRTEM for the characterization of the ZrC/ZrO 2 interface.
Experimental Procedures
High density ([96% of the theoretical density, TD) disc-shaped ZrC pellets were produced by hot pressing ZrC commercial powder (3-5 lm, 90% \8 lm with 0.2% \ Hf \ 2%, Grade B, H.C. Starck, Karlsruhe, Germany) in a vacuum hot press furnace (FCT Systeme, GmbH, Germany). The ZrC powder was inserted in a 40 mm graphite die and hot pressed at 2123 or 2273 K in argon atmosphere for 1 h under 50 MPa of uniaxial pressure. These disc-shaped specimens were firstly ground and polished with 120, 500 and 1200 MD-Piano Struers cloths and then machined into specimens of known dimension: 15 mm 9 8 mm 9 5 mm cuboids (Set A), 10 mm side cubes (Set B) and 4 mm 9 4 mm 9 0.5 mm cuboids (Set C) via electrical discharge machining method (EDM). These samples were used for oxidation tests and characterisation of the intermediate layer between the oxide and the carbide (Set A), quenching studies (Set B) and in situ HT-ESEM oxidation studies for characterisation of the Maltese cross formation mechanism (Set C). Specimens had a density within the range of 6.48-6.58 g/cm 3 evaluated with the Archimedes method from the average of three measurements so that the theoretical density is about 96.2%TD for samples hot-pressed at 2123 K (Set A) and 97.1-99.2%TD for those hot-pressed at 2273 K (Sets B and C). Before oxidation experiments, coupons were washed in an ultrasonic bath of acetone and dried at 110°C overnight. Oxidation experiments on Set A were performed in a furnace at 1073 K in air atmosphere, Set B was used for oxidation in air in a chamber lift furnace from 1073 to 1373 K with fixed quenching times at 15, 30, 60, 120, 240, 360 and 480 min so that different stages of oxidation could be followed while Set C was used for oxidation at 1073 and 1473 K in a HT-ESEM (Quanta 200 FEG ESEM) equipped with a hot stage in a 2 mbar oxygen atmosphere. This analysis was performed at the Marcoule Institute for Separative Chemistry (ICSM), Marcoule, France. Samples were first heated in the HT-ESEM chamber to the desired temperature under vacuum atmosphere, then when the required temperature was reached, a 2 mbar oxygen flux was introduced into the chamber. Sample corners were constantly monitored by taking pictures every second during the first 5 min of the experiments, every 5 s after 5 min up to 2 h and every 30 s after 2 h up to 16 h. All images were recorded with the same field of view corresponding to 1050 lm squared. General procedure and details about the HT-ESEM platform can be found in refs [26] [27] [28] .
Microstructural characterisation of the carbide-oxide interface on partly-oxidised cross sections was performed at Imperial College London. First observations were made with a SEM (LEO Gemini 1525 FEG-SEM, Zeiss, Jena, Germany) using secondary electron imaging (SEI) equipped with an energy dispersive x-ray spectrometer (EDX) for chemical analysis (INCA, Oxford Instruments, Oxford, UK). Nanoscale analysis of the intermediate layer between the carbide and the oxide was performed with a transmission electron microscope (TEM) (2000FX, JEOL, Tokyo, Japan) and a High Resolution-TEM (JEOL JEM 2100F). Samples for TEM analysis were prepared with the FIB (focussed ion-beam) technique (Helios Nanolab 600, FEI Company). Selected area diffraction (SAD) patterns were indexed by matching the d hkl values with reference patterns. A SingleCrystal software (version 2.3 CrystalMaker Software Limited, Oxfordshire, UK) simulation was performed to recheck the assigned indexes. These characterisation techniques were performed on samples cooled to room temperature. The results therefore show the structure of the oxide after it had undergone several modifications due to volume changes. Indeed ZrO 2 undergoes transitions between monoclinic, tetragonal and cubic polymorphs within the range of temperatures used in this study [29, 30] . In particular the volume change occurring in the transition from the tetragonal to the monoclinic structure during cooling is estimated to be about ?3 vol.% [31, 32] . To investigate the role of crack formation in the oxide development as a Maltese cross excluding any effect of cracking due to volume change when cooling, the in situ experiment on a central area of the sample surface and on sample corner's in the HT-ESEM is required.
Results and Discussion
Maltese Cross Formation ESEM analysis (Fig. 1 ) of sample surfaces shows the transition from a compact oxide to a cracked oxide layer. Cracks are mostly generated along the grain boundaries and these initiate and propagate up to approximately 50 min after the sample starts being exposed to oxygen atmosphere.
Once cracks propagate at the surface along the grain boundaries, the oxide growth rate accelerates. This was evident during the HT-ESEM experiment as the corrections required to maintain the surface of interest at the set working distance and therefore with the right focus were more important. This is due to a considerable volume expansion. The oxidation at this stage becomes severe and the typical Maltese cross of the oxide develops (see Figs. 2, 3) .
When the oxide growth is severe, it is accompanied by shrinkage of the unoxidised carbide core as revealed in Fig. 2 (bottom) .This picture shows specimens (Set B) oxidized at 1273 K in air in a chamber lift furnace with quenching at a certain time: specimens in the top row show their oxide layer still intact while specimens at the bottom row have had their oxide layer removed so that the evolution of the unoxidised carbide core can be followed. For oxidation times Fig. 1 a SEI of ZrC sample (Set C) exposed to 2 mbar of oxygen at 1073 K after 5 min of oxygen flow. b SEI of ZrC exposed to 2 mbar of oxygen at 1073 K after 50 min of oxygen flow: crack formation along the boundaries Fig. 2 Image of ZrC specimens (Set B) oxidised at 1273 K in a chamber lift furnace: specimens at the top show the evolution of the oxide layer with time, specimens at the bottom had their oxide layer removed so that the evolution of the unoxidised carbide core can be seen Fig. 3 SEI of a ZrC sample (Set C) oxidised at 1073 K for a 40 min and b 480 min and high magnification SE image of the area highlighted with a white box in Fig. 3b c details on the monitored corner of the sample (dotted segments), the initial delamination followed by spallation at the corner (arrow), the appearance of large cracks at the corner (a) (white lines) and from the corner towards the inner core (c) (white line) and microcracks that run parallel to the carbide-oxide interface (c) (yellow lines) (Color figure online) over 2 h the initial cubic inner carbide core assumes a rounded then spherical shape whilst the oxide develops with the characteristic Maltese cross shape (Fig. 2) . The change in shape of the unoxidised carbide core from cubic to spherical suggests that oxidation proceeds quicker at sample corners, therefore the monitoring of a sample corner in the HT-ESEM is performed (see Figs. 3, 4) .
In Figs. 3 and 4 , we report the monitoring during oxidation at 2 mbar O 2 and 1073 K at the corners of two Set C samples. These two experiments allowed the identification of three different steps/phenomena occurring during the oxidation of ZrC and which contribute to the formation of the Maltese cross shape for the oxide.
The first step/phenomenon is the delamination and spallation of the edges and corners of the oxidized sample seen in Fig. 3a) (indicated with an arrow) but much better evidenced in Fig. 4b ). This occurs before the centres of the faces, monitored in Fig. 1 , gets heavily cracked and is thus still compact (Fig. 1a) . This indicates that the corner is the first area to fail already suggesting the oxidation process is faster at Fig. 4 Sequence of SEI on Set C sample oxidized at 1073 K in a 2 mbar oxygen atmosphere, a sample at the beginning of the oxidation: time 0; b delamination of the oxide layer at edges and spalling off; c crack formation and opening up of corners; d cracks development towards the inner core (highlighted with a white line) and microcrack propagation corners. Spallation of the first layer of the oxide leaves the surfaces at the corner exposed to faster oxide penetration. The ensuing rapid stress build-up at the corners is presumably responsible for the following steps.
The second phenomenon involves crack formation at the corner (white lines in Fig. 3a) and from the corner towards the inner core (crack pointed by the white lines in Figs. 3c, 4d ) thus the opening of the corners and edges due to the build-up of stresses. The cracking of the corners offers a route for the oxygen to reach the inner unoxidised ZrC core promoting the characteristic Maltese cross shape.
The development of microcracks at the corners parallel to the oxide/carbide interface, as evidenced in Fig. 3c (yellow lines) , constitute the third and last observed phenomenon. For experiments performed in air atmosphere they eventually become visible by the naked eye as can be observed in Fig. 2 (samples on the top oxidised at 120, 240 and 360 min). The formation of these microcracks obviously further increases the accessible reactive area in the initial corner regions, therefore accelerating drastically the oxidation reaction and the associated volume increase at the corners/edges compared to the face centres. Proof of the volume expansion occurring because of the two cracking phenomenon is indirectly given in Fig. 3c : when the choice is made to keep the upper part in focus, the bottom part of the surface (bottom of Fig. 3c ) gets blurred thus out of focus and this is obviously due to a drastic change in height between the two separated parts of the original corner.
Another interesting observation was made about the cracks parallel to the oxide/carbide interface: these microcracks occur in a repetitive pattern as the distance between each layer (yellow lines in Fig. 3c ) is approximately 20 lm thick. This repetitive pattern suggests that these cracks are generated cyclically and they are due to debonding of the interface between the carbide and the oxide. The carbide/oxide interface characterization is also part of the present report and is discussed in the following section. Thanks to the use of the HT-ESEM it was possible to show that cracking is not due to stress build-up related to phase transformation during cooling but instead is due to the volume expansion associated with the oxidation of the carbide.
Oxide Layer and Interface Characterisation
Characterisation of the oxide layer and the carbide/oxide interface was performed on a polished sample's cross section annealed at 1073 K in air atmosphere for 1 h (Set A). Figure 5 shows an SEI of the interface between the carbide and the porous oxide layer. The intermediate region appears to be a dense pore-free layer of about 20 lm thickness. EDX analysis on this intermediate region shows the presence of carbon, oxygen and zirconium agreeing with the suggestion by Shimada et al. of an oxycarbide [33] compound. Nanoscale analysis on the interface was done on a FIB milled TEM sample cut out from this region (see Fig. 5b ). Bright-field TEM imaging (Fig. 6a) reveals that the compact interface region seen by SEM (Fig. 5a,  b) is made of three zones, numbered 1, 2 and 3 in Fig. 5a with a focused ion beam instrument coupled with a secondary ions mass spectrometer (FIB-SIMS) confirmed this area to be made of a thin layer (\2 lm) attached to the carbide region and ZrO 2 . Chemical analysis performed by SIMS and EDX on a 100 lm squared sputtered region across the interface showed the carbon content dropping to zero 5 lm away from ZrC and oxygen rising from zero to 66% atomic value proving that stoichiometric ZrO 2 is formed.
Concluding Remarks
Formation of the Maltese cross shape of the oxide during oxidation of dense hot pressed ZrC specimens has been investigated with an in situ technique: HT-ESEM. The mechanism of formation of the oxide during air oxidation comprises three steps: delamination of the first layer of the oxide at the corners and edges of the sample-crack formation at the corners due to build-up of stresses-crack propagation towards the inner unoxidised carbide core followed by propagation of microcracks parallel to the carbide-oxide interface. The propagation of these microcracks increases the accessible reactive area for the oxygen to access. This is followed by a drastic development of the oxide which assumes the typical Maltese cross shape. The microcracks parallel to the interface follow a cyclical pattern as their separation is approximately 20 lm in thickness. This infers a cyclic oxidation prior to debonding of the interface while at temperature, cracking is therefore not due to phase transformation stresses during cooling. To further understand the crack formation at corners and debonding of the interface a finite element modelling code will be used to simulate the volume expansion of the oxide during heating revealed by the HT-ESEM experiments. Investigation using TEM and HRTEM advanced techniques revealed that the dense 20 lm thick ZrO 2 layer found at the surface of ZrC during its oxidation also comprises a previously undetected and unreported 2 lm layer made of an amorphous carbon matrix with nanocrystals of ZrO 2 embedded in it. The present study is ongoing and will be extended by performing TOF/SIMS analysis through the oxide layer with O 18 as a marker in oxidation experiments. These additional actions are undertaken to provide solid arguments on ZrC oxidation behaviour and the results will be given in a future publication.
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